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ABSTRACT
The lifetimes of non-covalent A:a knob-hole bonds in fibrin probed with the optical trap-based force-clamp first increases (“catch
bonds”) and then decreases (“slip bonds”) with increasing tensile force. Molecular modeling of “catch-to-slip” transition using
the atomic structure of the A:a complex reveals that the movable flap serves as tension-dependent molecular switch. Flap
dissociation from the regulatory B-domain in γ-nodule and translocation from the periphery to knob ‘A’ triggers the hole ‘a’
closure and interface remodeling, which results in the increased binding affinity and prolonged bond lifetimes. Fluctuating
bottleneck theory is developed to understand the “catch-to-slip” transition in terms of the interface stiffness κ = 15.7 pN nm −1,
interface size fluctuations 0.7-2.7 nm, knob ‘A’ escape rate constant k0 = 0.11 nm2 s−1, and transition distance for dissociation
σy = 0.25 nm. Strengthening of the A:a knob-hole bonds under small tension might favor formation and reinforcement of
nascent fibrin clots under hydrodynamic shear.
Introduction
Fibrin is the end product of blood clotting that constitutes a proteinaceous 3D network providing a filamentous mechanical
scaffold of clots and thrombi. Formation of fibrin is essential for hemostasis, thrombosis, and antimicrobal host defense; fibrin
is also widely used as a biomaterial.1 Fibrin is formed from a blood plasma protein, fibrinogen, which converts to monomeric
fibrin that polymerizes to form soluble fibrin protofibrils. These further elongate and aggregate laterally into insoluble thick
fibers that branch to form the space-filling network (Fig. 1a-c). During and after polymerization fibrin is covalently cross-linked
by a plasma transglutaminase, factor XIIIa, that makes fibrin stiff and resistant to enzymatic lysis (Fig. 1a-c).2 Mechanical
stability of nascent blood clots in response to forces imposed by the blood flow, contracting platelets, and other dynamic
factors is determined by the strength of the knob-hole interactions prior to cross-linking by factor XIIIa. Consequently, the
dynamics of association-dissociation transitions in knob-hole complexes govern formation of fibrin, influence the final structure
and mechanical stability of clots and thrombi, including clot rupture (embolization) and shrinkage (contraction, retraction).
Impaired knob-hole interactions result in loose, weak, unstable clots and are associated with the tendency to bleed. Dense fibrin
networks show increased stiffness, higher fibrinolytic resistance and mechanical resilience, which may predispose individuals
to thrombotic cardiovascular diseases, such as heart attack and ischemic stroke.3
Fibrinogen, the soluble fibrin precursor, is a 340-kDa protein comprising three pairs of polypeptide chains, Aα , Bβ , and γ ,
arranged into one central globular E region and two lateral globular D regions connected with α-helical coiled coils (Fig. 1a).
Thrombin splits off two pairs of fibrinopeptides A and B from the N-termini of the fibrinogen’s Aα and Bβ chains, respectively,
in the central E region. This results in the exposure of binding sites (knobs) ‘A’ and ‘B’ that interact with constitutively
accessible complementary sites (holes) ‘a’ and ‘b’ located in the γ- and β -nodules, respectively, of the lateral D regions of
another fibrin molecule (Fig. 1a-c).2, 4, 5 X-ray crystallographic studies of fibrinogen fragments revealed that holes ‘a’ and ‘b’
interact with the peptides GPRP and GHRP that mimic knobs ‘A’ and ‘B’, respectively, which comprise the newly exposed
N-terminal motifs of the α and β chains of fibrin.4, 6 Binding of knobs ‘A’ to holes ‘a’ is necessary for fibrin polymerization,
while the B:b bonds play a secondary role.2
We employed single-molecule forced unbinding assays to probe the strength of A:a knob-hole bond7, 8 which revealed
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unusual strengthening with the increasing pulling force applied to disrupt the bond, but the nature of this finding remained
unclear. Such counterintuitive behavior has been described in the literature for a number of receptor-ligand pairs as the “catch”
bond9, 10 in contrast to the commonly known “slip” bond that dissociates faster with the increasing force. Interestingly, a
non-covalent bond can behave as a catch bond at low forces (typically <30-40 pN) and as a slip bond at higher forces, thus
displaying the dual “catch-slip” character. Several receptor-ligand complexes showing the catch-slip transition have been
characterized including coupled cell adhesion molecules and glycoprotein ligand-1,10 E-cadherin dimer,11 integrin α5β1
and fibronectin,12 bacterial adhesin FimH,13, 14 von Willebrand factor and receptor GP1b,15, 16 actomyosin,17 microtubule-
kinetochore,18 and microtubule-dynein19, 20 complexes. The catch-slip phenomenon was studied experimentally14, 15, 21–24 and
computationally.14, 25–30 Theoretical models have been purposed including the two-state model,31, 32 two-pathway model,33
sliding-rebinding model,34 hydrogen bond network model,35 and other models.36, 37 Yet, the atomic-level structural basis
underlying the catch-slip transition in receptor-ligand complexes has eluded detailed characterization9.
Here, we combined the single-molecule forced unbinding experiments in vitro and in silico using nanomechanical
measurements and Molecular Dynamics (MD) simulations to resolve the structural mechanism underlying the dual catch-slip
response of fibrin polymers to tension. We show that the strength of A:a knob-hole bonds first increases with tensile force up to
f ≈ 30-35 pN (catch bond) and then decreases with force at f > 35 pN (slip bonds). Forced dissociation assays in silico revealed
dynamic remodeling of the A:a association interface, which results in a manifold of bound states with tension-dependent
binding affinity. We developed new fluctuating bottleneck theory to model the experimental distributions of bond lifetimes
and average bond lifetime as a function of force. The results provide a comprehensive structure-based interpretation of the
experimentally observed catch-slip dynamics of dissociation of the A:a knob-hole bonds, the strongest non-covalent interactions
in early stages of fibrin polymerization (Fig. 1). Our theory can be extended and generalized to characterize biomolecular
interactions in receptor-ligand pairs that form deep binding pockets.
Results
Dissociation kinetics of the A:a knob-hole bonds under constant tensile force
Bond lifetime of the fibrin-fibrinogen complex as a function of tensile force: The A:a knob-hole interactions were repro-
duced at an interface during repeated touching of two microscopic beads coated covalently with fibrinogen or monomeric fibrin.
The fibrin molecule is a source of knobs ‘a’ and fibrinogen molecule is a source of holes ‘a’. By touching the fibrin-coated
surface with the fibrinogen-coated surface, we allowed these molecules to associate forming the A:a knob-hole complex
(binding phase). Next, the fibrin-coated and fibrinogen-coated surfaces were retracted by a constant tensile (pulling) force to
dissociate the A:a knob-hole bond (unbinding phase). By repeating the binding-unbinding cycles, we were able to measure
the times-to-dissociation (lifetimes) for the fibrin-fibrinogen complexes and to probe the dependence of A:a knob-hole bond
lifetimes on a constant pulling force f . We varied the pulling force in the 5-60-pN-range and collected for each force value the
distributions of bond lifetimes P(τ; f ), which were then used to calculate the average bond lifetimes 〈τ〉. We found that the
fibrin-fibrinogen interactions display a non-monotonic dependence of 〈τ〉 on f : 〈τ〉 first increased with f up to f = 30-35 pN
and then decreased at f > 40 pN (Fig. 2a).
To distinguish the A:a knob-hole binding from other interactions, we carried out a number of control experiments. Weak
non-specific surface-to-surface adhesion events produced interaction signals with the bond lifetimes <0.03s. Specificity
was also tested by coating the interacting surfaces with an inert protein lacking knobs and holes (bovine serum albumin,
BSA) or with a relevant protein lacking knobs ‘a’ and ‘b’ (fibrinogen). The control interactions (fibrinogen/BSA, fibrin/BSA,
fibrinogen/fibrinogen interfaces) revealed mostly (93-97%) short-lived attachment signals with bond lifetimes <0.03s and a
small fraction (0.6-2.5%) of more stable interactions lasting 0.04-0.5 s (Table S1). The bond lifetimes of control interactions
did not show any dependence on force (Fig. 2a). To distinguish the A:a knob-hole binding from other associations, we
measured the fibrinogen-fibrin interaction in the absence and presence of the GPRPam peptide – specific competitive knob ‘a’
inhibitor. GPRPam suppressed interactions lasting >0.5 s (Fig. S1, Table 1), which were, therefore, considered to reflect the
specific A:a knob-hole interactions. The binding probability for these interactions lasting >0.5s was several-fold higher in
the fibrinogen-fibrin system than in control non-specific interactions described above, including fibrin-fibrinogen interactions
inhibited by GPRP peptide (Fig. S2, Table S1).
To test whether the intermediately strong interactions with bond lifetimes 0.03s < τ < 0.5s contribute to the observed
dependence of 〈τ〉 on f , we also compared the bond lifetimes obtained either by including or excluding these intermediate-
strength interactions from the data sets. The profiles of 〈τ〉 vs. f (Fig. S3) as well as the cumulative binding probability vs.
f (Fig. S4) were quite similar with a corresponding small shift to shorter bond lifetimes (Fig. S4) and to a higher binding
probability (Fig. S3). Based on these findings, we concluded that the bond lifetimes τ > 0.5s represent specific fibrin-fibrinogen
or A:a knob-hole interactions. We included these data into subsequent statistical analyses and modeling, while the bond
lifetimes τ < 0.5s were excluded from the data analysis.
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Bond lifetimes of the D:E complex as a function of tensile force: To minimize the role of non-specific interactions due
to large size of fibrin and fibrinogen molecules, we replaced the full-length fibrinogen with its smaller proteolytic fragment D
containing mainly a lateral globular portion. Monomeric fibrin was replaced with fragment E comprising mainly the central
globule. Fragment D bears one constitutively open hole ‘a’. Fragment E can exist in three variant, namely: i) it can bear both
knobs ‘a’ and ‘b’ after cleaving of fibrinopeptides A and B with thrombin (called fragment desAB-E); ii) it can bear only
knobs ‘a’ after cleaving of fibrinopeptide A with batroxobin (called fragment desA-E) and iii) it can have no knobs if remains
untreated (fragment E) (Fig. 1d). We found that specific interactions between fragments D and desAB-E also displayed dual
catch-slip profile. The average bond lifetimes increased with force up to f = 30-40 pN and then decreased at f > 40 pN
(Fig. 2b). The bell-like curve of 〈τ〉 characteristic of the catch-to-slip transition was quite similar to the one obtained for the
fibrinogen:fibrin interactions (Fig. 2b) albeit with shorter average bond-lifetimes. Importantly, the dual catch-slip behavior was
largely suppressed with addition of GPRP (Fig. S5) and it disappeared altogether following a substantial reduction in surface
density of fragment D (Fig. S6). These results strongly indicate that the D/desAB-E interactions are specific and that they
reflect formation-dissociation of the knob-hole bonds. Exposure of knobs ‘a’ in fragment desA-E (without knobs ‘b’) preserves
their ability to interact with fragment D in the catch-slip fashion. However, the average bond lifetimes were substantially shorter
and the force-dependence of bond lifetimes was less pronounced (Fig. 2b). Intact fragment E with uncleaved fibrinopeptides A
and B was non-reactive with fragment D (Fig. 2b). This provides yet another evidence that the measured knob-hole interactions
of fragment D with fragments desAB-E and desA-E was specific and reflected the A:a knob-hole interactions.
Molecular Modeling of A:a knob-hole interactions
Dynamic force measurements in silico: We focused on the isolated A:a knob-hole complex using the structural model of A:a
knob-hole complex as a part of reconstructed fibrin-fibrin D:E:D interactions based on the crystallographic data (Fig. 1e,g).
Potentially, A:b interactions (knobs ‘a’ binding to holes ‘b’) and B:a interactions (knobs ‘b’ binding to holes ‘a’) might also
affect the fibrinogen-fibrin complex lifetime, but our previous studies showed that the B:a interactions are unlikely to exist38
and that formation of the A:b knob-hole bonds is structurally and thermodynamically unfavorable.39 Fibrinogen molecule has
two pairs of strong Ca2+-binding sites2 and the equilibrium dissociation constant for the high-affinity Ca2+-binding sites in
fibrinogen (Kd ∼ 1 µM) implies that these sites are fully occupied with Ca2+ in plasma environment. In our experiments, the
catch-slip transition was observed both with and without Ca2+ (data not shown), and so we did not include calcium ions in the
computational modeling. We probed the strength of A:a knob-hole interactions using ramped force f (t) (see Methods) with the
pulling velocity ν f = 103 and 104 µm/s. The distinct Pathway 1 (Pathway 2) of A:a knob-hole bond dissociation (Fig. S7a,b) is
characterized by faster (slower) dissociation at lower (higher) molecular force F . For the slower ν f = 103 µm/s, the bonds
yielded at F ≈ 60 pN in 50% of 10 simulation runs (Pathway 1) and at F ≈ 90 pN in 25% of runs (Pathway 2), while in the
remaining 25% of trajectories the A:a knob-hole bonds dissociated at F ≈ 70 pN (Fig. S7a). For the faster ν f = 104 µm/s,
the A:a knob-hole bonds yielded at F ≈ 90 pN (Pathway 1) and at F ≈ 130 pN (Pathway 2) 70% and 30% of 10 trajectories,
respectively (Fig. S7b).
Binding affinity and maps of binding contacts: Next, we analyzed the simulations output. We monitored the dissociation
dynamics by projecting the total number of persistent binding contacts Q between the residues in hole ‘a’ (in the γ-nodule )
and residues in knob ‘a’ (in the α chain) as a function of time t. A pair of amino acids i and j is said to form a binary contact
if the distance between the center-of-mass of their side chains ri j < 6.5 A˚ persists for more than 10 ns. Q is related to the
binding affinity (i.e. more contacts means stronger binding) and it reflects instantaneous changes in the bond strength. Results
are displayed in Fig. S8a (see also Fig. S7c, d). The profiles of Q vs. t show that at the beginning Q ≈ 20 contacts (native
bound state of the A:a complex), but with force ramping up Q changes. For Pathways 1 resulting in the lower dissociation
force F , Q decays to zero with time. The moment of time t = τ , at which Q(τ) = 0, marks complete dissociation of the A:a
knob-hole bond. However, for Pathway 2 corresponding to higher values of F , the dynamics of Q is non-monotonic (Fig. S8a
and Fig. S7c, d): Q initially increased to 30-35 contacts and then decreased to zero at longer times. Hence, the higher values of
F corresponding to Pathway 2 of the A:a knob-hole complex dissociation are directly correlated with the higher number of
contacts Q, which is proportional to the knob-hole binding affinity.
To gather the residue-level information about the high- and low-affinity bound states of the A:a knob-hole complex, we
analyzed entire maps of knob-hole contacts at the binding interface (residues γSer240–γLys380). The maps of binding contacts
for the native bound state and for the intermediate states right before dissociation are compared in Fig. S8c,d for Pathway 1 and
2 trajectories. The bottom corner in the map corresponds to the native state, and the top corner corresponds to the intermediate
state (t = 0.1 µs). Dissociation along Pathway 1 is accompanied by a slight increase in contacts density between the movable
flap (residues γPhe295–Thr305) and β -sheet stack of the B-domain (residues γIle242–γGly283; compare the areas circled
by solid and dashed ovals in Fig. S8c) and no substantial change in contacts density between the receptor and knob ‘a’. This
correlates with decay in Q for this trajectory (green curve in Fig. S8a). For Pathway 2, additional binding contacts form between
the movable flap and knob ‘a’, while the contacts between movable flap and β -sheet stack are disrupted (compare the areas
3/29
circled by solid and dashed ovals in Fig. S8d). This is reflected by an increase in Q for this trajectory (Fig. S8a). Hence, under
the influence of pulling force, hole ‘a’ transitions between two conformation types: one is characterized by weak interactions of
movable flap with the β -sheet in B-domain leading to faster dissociation of the knob ‘a’ at a lower unbinding force F (Pathway
1); and the other type of conformation favors formation of additional binding contacts between the movable flap and knob ‘a’,
hence, prolonging the bond lifetime (Pathway 2).
Low-affinity vs. high-affinity bound states: Analysis of binding affinity showed that in Pathway 2 the forced dissociation
occurs from the high-affinity bound state compared to the low-affinity bound state observed in Pathway 1. We analyzed the
simulation output to characterize conformational transitions that occur in the A:a knob-hole binding interface under tension.
Fig. 3 shows the time-dependent profiles of F and Q and corresponding atomic structures of the A:a knob-hole complex
observed along dissociation Pathways 1-2. We found that the transition of the receptor-ligand complex from the low- to
high-affinity bound states is controlled by the movable flap, which serves as a tension-sensitive “molecular switch”, which
triggers opening and closing of the binding interface. In Pathway 1 (Fig. 3), the moveable flap is far away from the ligand
(snapshots 2a,3a in Fig. 3). Negatively charged residues γAsp291, γAsp294 and γAsp297 interact with positively charged
residues γArg256 and γArg275 of the β -sheet stack in B-domain. In some trajectories, we also observed a structural transition
in the movable flap from the random coil to the β -strand, which then associates with the β -sheet stack of B-domain. As a result,
the binding interface opens, facilitating dissociation of knob ‘a’ from the low-affinity bound state. Corresponding to these
observations an increase in the contact density between the movable flap and B-domain is manifest on the contact map (circled
area in Fig. 3, left). In Pathway 2 (Fig. 3), the movable flap extends and translocates toward the ligand, forming additional
binding contacts between residues γAsp297, γAsp298, γPro299, γSer300, γAsp301, γLys302, γPhe303, γPhe304 in the flap
and residues αGly17, αPro18, αArg19, αVal20, αGlu22, αTrp33 in knob ‘a’, which stabilize the high-affinity bound state
(snapshots 2b,3b in Fig. 3). This flap’s displacement also triggers loop I and interior region straightening, which results in
formation of additional binding contacts between residues γLys321, γPhe322, γGlu323 in loop I and residues αGlu22, αArg23,
αHis24 in knob ‘a’, and between residues γAsn337, γCys339, γHis340, γAla341, γAsn361, γGly362, γTyr363 in interior
region and residues αGly17, αArg19, αGlu22, αArg23, αHis24, αGln25 in knob ‘a’ (Fig. S8d). The binding pocket shrinks
and binding interface narrows, which results in the prolongation of bonds lifetimes.
Role of movable flap: Next, we correlated the dynamics of binding contacts for the knob ‘a’ and entire binding interface
Q and for the knob ‘a’ and movable flap QMF . The results for f = 30 pN (Fig. S8b) reveal the non-monotonic behavior
of Q and QMF due to reversible tilting back and forth of the movable flap concomitant with its elongation and contraction.
This results in the flap repeatedly switching off and on interactions with the β -sheet stack of B-domain. Additional (cryptic)
binding contacts formed between the residues in movable flap and knob ‘a’ under tension (γPro299–αVal20, γSer300–αGly17,
γSer300–αPro18, γAsp301–αArg19, γLys302–αGlu22, γPhe303–αPro18, γPhe303–αTrp33, γPhe304–αVal20) are essential
for the increased strength of the A:a knob-hole bond at higher forces (Fig. 3). We quantified the movable flap elongation DMF
by calculating the distance between movable flap and the β -sheet stack of B-domain (Fig. S8b). We selected three pairs of
residues in movable flap and β -sheet stack: γGly296–γAla282, γAsp297–γGly283, and γAsp298–γGly284. For each pair,
we calculated DMF as a function of time (force) and correlated changes in DMF with changes in Q. The results in Fig. S8b
show that the increase in Q from 17 to 25 contacts is accompanied by ∼1.5-fold increase in DMF from 1.5 nm to 2.3 nm, which
corresponds to the moveable flap translocation from the periphery to the knob ‘a’. The decrease in Q from 25 to 17 contacts is
correlated with the decrease in DMF from 2.3 to 1.3 nm, which corresponds to the movable flap tilting back (Fig. S8d). Similar
results were observed for f = 35 and 40 pN (data not shown). Therefore, the binding affinity increase and the movable flap
translocation are positively correlated. Hence, the A:a knob-hole complex transformation to the high-affinity conformation is
controlled by tension-dependent translocation of the movable flap (Fig. 3).
Dynamics remodeling of A:a association interface: We estimated the interface width X using the radius of cross-sectional
area formed by connecting residues γAsp297, γGlu323, and γAsn361 in the movable flap, loop I and interior region, respectively.
The results are presented in Fig. 4a,b, which shows that in Pathway 1 (low-affinity bound state) X fluctuates between 1.3 nm and
2.5 nm (interface wide open), whereas in Pathway 2 (high-affinity bound state) X decreases from 1.3 nm to 0.8 nm (interface
closes). Hence, the movable flap translocation also results in the hole ‘a’ closing as well as decreasing of the interface width.
Next, we analyzed the entire probability distributions of X , P(X) presented in Fig. 4c and d. The profiles of P(X) in Fig. 4c,
corresponding to the trajectory of X from Fig. 4b move towards smaller X , thus, displaying continuous dynamics of the A:a
knob-hole binding interface closing. Yet, the profiles P(X) in Fig. 4d reveal more discrete-like (two-state) dynamics of interface
remodeling. Hence, quantitative analysis shows the evidence that hole ‘a’ is fluctuating bottleneck with tension-dependent
width of the A:a knob-hole interface, i.e. X = X( f ). We were not able to discriminate between the discrete and continuous
modes of evolution of X due to limited number of simulation runs, which took almost two years to complete.
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Fluctuating bottleneck theory
Bottleneck model of knob ‘a’ binding pocket: The main results from in vitro and in silico assays are the following: i) the
A:a knob-hole bond first becomes stronger (increased affinity) and then becomes weaker (decreased affinity) with increasing
force; ii) the force application promotes structural rearrangements resulting in binding interface remodeling; and iii) there
is a competition between the dynamics of hole ‘a’ closure and kinetics of knob ‘a’ escape. To capture these observations,
we propose a model which treats the binding pocket (hole ‘a’) as a fluctuating bottleneck.40–44 Pulling force affects both the
dynamics of binding interface remodeling and kinetics of knob ‘a’ escape, and so the A:a bond lifetime τ and interface width
X are coupled (Fig. 4e). Larger/smaller X facilitates faster/slower unbinding with shorter/longer bond lifetime τ . The A:a
knob-hole bound state population P(X , t) is described by the kinetic equation:
dP(X , t)
dt
=−K(X)P(X , t)+L(X , t) (1)
In equation (1) above, the first term describes the kinetics of knob ‘a’ escape from the bottleneck of size X with rate
K(X) = kXα (2)
depending on shape parameter α (bottleneck geometry), and escape rate constant k. The rate constant is expected to increase
with force, and here we use the Bell model32, 45 for k( f ) = k0 exp[σy f/kBT ], where k0 is the attempt frequency and σy is the
transition distance for dissociation. Simulations show that i) X is determined by the cross-sectional area, and so we set α = 2 in
equation (2); and that ii) characteristic timescale η (milliseconds) is much shorter than bond lifetimes (seconds; Fig. 2), and so
we set X = 〈X〉. In equation (1), operator L describes the dynamics of X :
L =
∂
∂X
[
kBT
ζ
∂
∂X
+
κ
ζ
(X−〈X〉)
]
(3)
By substituting equations (2) and (3) in equation (3), we arrive at the Smoluchowsky equation for P(X , t):
∂P(X , t)
∂ t
=
[
kBT
ζ
∂ 2
∂X2
+
κ
ζ
(X−〈X〉) ∂
∂X
+
κ
ζ
]
P(X , t)− k〈X〉2P(X , t) (4)
which can be solved as described in the SI to obtain the Green’s function solution given by G(X ,X0; t). To obtain the distribution
of bond lifetimes P(t), we average over the initial values (X0) and sum over the final values (X),
P(t) =
∫ ∞
0
dX
∫ ∞
0
dX0G(X ,X0; t)P(X0) (5)
From simulations, the initial values of X are sharply peaked at a fixed value x0, and so P(X0) = δ (X0− x0). By substituting
P(X0) and expression for G(X ,X0; t) into equation (5) and performing the integration, we obtain:
P(t) =
k〈X〉2
2
exp
[−k〈X〉2t][1+Er f ( 〈X〉
[2pikBT (1− e−2t/η)]1/2
)]
(6)
The average bond lifetime is given by
〈τ〉=
∫ ∞
0
tP(t)dt (7)
In the continuous version, the binding pocket size X changes continuously (Fig. 4c), and the average size is given by
〈X(t)〉 = [X0e−t/η +(x0− f/κ)(1− e−t)/η)]Θ( fc− f )+ x1Θ( f − fc), where Θ(x) is the Heaviside step function, X0 is the
initial value and η = ζ/κ is the characteristic time for conformational fluctuations of the bottleneck (see SI). At a critical force
f ≈ fc, 〈X〉 should reaches the minimum x1 = x0− fc/κ (interface is closed). In the discrete version, X is a discrete random
variable (Fig. 4d) interconverting between the open state X = x0 and closed state X = x1 < x0 (Fig. 4d) with the populations
s0 = 1/(1+ exp[−ε0/kBT ]) and s1 = 1− s0 (ε0 is the energy difference). Pulling force favors the closed conformation by
changing the state populations, and so 〈X( f )〉= x0s0( f )+ x1s1( f ) and s0( f ) = [1+ exp[−(ε0−σx f )/kBT )]−1, where σx is
the transition distance. The critical force is defined as force f = fc at which s1( f ) s0( f ) (see SI).
A:a knob-hole bond lifetimes: insights into molecular dimensions, and nanomechanics: We performed a fit of theo-
retical curves of 〈τ〉 vs. f calculated using equations (S2), (S3), (6) and (7) to experimental data points (Fig. 2b). The friction
coefficient was set to ζ = 10−3 pN nm−1s (diffusion of amino acids in water). The performance of continuous and discrete
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versions of the model compared in Fig. 5 shows excellent agreement between theory and experiment. Model parameters are in
Table 1. The continuous model has five parameters: interface stiffness κ , force-free interface width x0, minimal interface width
(hole ‘a’ is closed) x1, escape rate constant k0, and transition distance for dissociation σy (i.e. distance from the bound state to
the transition state along dissociation path). The discrete model has additional parameters: transition distance from the low- to
high-affinity bound state σx and energy difference between these states ε0 (Table 1). Parameters κ , x0, and x1 can be directly
accessed in the simulations, which revealed the following ranges: 10-30 pN/nm for κ , 2.0-2.7 nm for x0, and 0.5-0.9 nm for x1.
Hence, the continuous model provides better agreement with simulations (Table 1).
Discussion
We employed the optical trap to measure the dynamic strength of single A:a knob-hole bonds – the strongest non-covalent
interactions in fibrin polymerization (Fig. 1). We used the force-clamp to profile the average bond lifetime 〈τ〉 as a function of
tensile force f applied to dissociate the fibrin-fibrinogen complex. We found that the bond lifetimes show the biphasic catch-slip
behavior, namely the average bond lifetime 〈τ〉 first increases and then decreases with f (Fig. 2). Physiological importance of
catch-slip behavior can be exemplified with shear-enhanced platelet adhesion on vWF-coated surfaces where GP1bα-vWF
catch bonds promote primary hemostasis at the sites of vessel wall injury.15, 22, 46 Theoretical models have been proposed to
explain the dynamic transition from catch-bonds to slip-bonds.24, 31, 32, 47–50 Yet, the structural origins of this counterintuitive
behavior are not yet understood.
We showed that force signals measured in the pulling experiments represent the strength of individual knobs ‘a’ coupled to
holes ‘a’. First, we adjusted the surface densities of the reacting molecules, so that the incidence of interactions lasting >0.5s
(i.e. representing A:a bonding) did not exceed 10% of the total number of surface-to-surface contacts (binding attempts). This
implies that forced dissociation events corresponding to multiple A:a knob-hole bonds were highly unlikely due to sufficiently
low surface density of reacting molecules (300 nm2/molecule on a bead) and a small contact area (450 nm2). Second, when the
fibrin-fibrinogen interactions were measured with the force-ramp, we only observed a sharp single peak in the histograms of
bond rupture forces with very rare jagged signals.7 The unimodal nature of distributions of bond rupture forces implies that
unbinding signals represents dissociation of single knob-hole bonds. Multiple interactions might have occurred in some of
the measurements, but infrequently, resulting in strong bead attachments lasting >60 s. These were discarded and not used
in subsequent data analysis. Experiments with proteolytic fibrin(ogen) fragments bearing both knobs ‘a’ and ‘b’ (fragment
desAB-E) or only knob ‘a’ (fragment desA-E) showed catch-slip transition in both fragments, but in the absence of knob ‘b’ the
bond lifetimes were shorter and the catch-slip transition peak was less pronounced (Fig. 2b). Hence, the catch-slip behavior
was enhanced when both knobs ‘a’ and ‘b’ were exposed, which suggests positive cooperativity between knobs ‘a’ and ‘b’.
We employed MD simulations of atomic structural models of the A:a knob-hole complex (Fig. 1g) to resolve the structural
basis and to illuminate the molecular mechanism(s) of dynamic transition from catch-bonds to slip-bonds in fibrin (Methods).
We used low damping coefficient γ = 3.0 ps1 for more efficient sampling of the conformational space51 and to minimize the
effect of fast ν f = 103− 104 µm/s pulling speeds we had used due to very long computational time (it took ∼24 months
to complete the computational tasks on 4 GPUs GeForce GTX780). Using dynamic force-ramp simulations, we were able
to establish kinetic partitioning of the A:a knob-hole bond disassembly into the rapid/slow dissociation paths (Pathway 1/2)
corresponding to lower/higher rupture forces (Figs.3 and S7). To show that observed variation of rupture forces was not due
to statistical fluctuations, we probed the dynamics of binding contacts between residues in knob ‘a’ and hole ‘a’ defining
the binding affinity Q. For example, in Pathway 1, Q decreased to zero (with some fluctuations) starting from 20 contacts
(low-affinity bound state); in Pathway 2, Q increased initially to 30-35 contacts (high-affinity bound state) and then decreased
to zero at a higher rupture force (Fig. S8a; see also Fig. S7).
A 1.5-fold enhancement in binding affinity points to tension-induced bond stabilization through recruitment of additional
binding contacts that become available for interaction with knob ‘a’ at higher tensile forces. We analyzed entire maps of
residue-residue binding contacts (Fig. S8c,d), which revealed the important role played by the movable flap. In the low-affinity
bound state, the movable flap – one of the three binding determinants in hole ‘a’ – is far away from knob ‘a’ (snapshots 2a,3a
in Fig. 3); therefore, the low-affinity bound state facilitates rapid detachment of knob ‘a’ which slips easily from hole ‘a’. In
the high-affinity bound state, the movable flap translocates toward and catches knob ‘a’, forming additional binding contacts
between the flap and knob ‘a’ (snapshots 2b,3b in Fig. 3). Importantly, this transition also triggers the loop I and interior region
straightening, which results in formation of additional binding contacts between knob ‘a’ and the interior region (Fig. S8b).
Therefore, in the high-affinity bound state hole ‘a’, comprised by the movable flap, loop I, and interior region (Fig. 1g), shrinks
and the A:a binding interface narrows, which results in labored knob ‘a’ detachment. The increase in binding affinity was
found to be positively correlated with the displacement of movable flap (Fig. S8b). Hence, a tension-induced increase in A:a
knob-hole bond strength is entirely due to spatial rearrangement of the binding interface in hole ‘a’.
To better understand the biphasic catch-slip dynamic behavior of A:a knob-hole bonds, we developed new theory inspired
by fluctuating bottleneck model.40–44 The model treats the binding interface size X as a Gaussian random variable (fluctuating
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bottleneck) and accounts for the tension-dependent decrease in X (see equations (S2) and (S3)). Simulations showed that X
is roughly equal the dimension (radius) of binding interface. For this reason we used a quadratic sink K(X)∼ kX2 with the
Bell-type dependence of k on f (equations (2), (S5), (S6)). Because we were unable to determine from simulations whether
the interface interconverted between several or many conformational states, we considered a discrete (two-state) version
and continuous version of the model (Fig. 4). We obtained the distribution of A:a knob-hole bond lifetimes P(t) (equation
(6)), which was then used to calculate 〈τ〉 as a function of f . Excellent agreement between theoretical curves of 〈τ〉 and
experimental data points was achieved (Fig. 5), which enabled us to estimate parameters of the model accumulated in Table 1.
Both continuous and discrete versions of the model give similar values of knob ‘a’ escape rate k0 = 0.11-0.12 nm2s−1 and
transition distance σy = 0.25-0.27 nm, but the continuous version shows better agreement with estimates of other model
parameters from simulations: the interface stiffness κ = 15.7 pN/nm (theory) vs. 10-30 pN/nm (simulations), initial (force-free)
interface size x0 = 2.7 nm (theory) vs. 2.0-2.7 nm (simulations), and minimal interface size x1 = 0.74 nm (theory) vs. 0.5-0.9
nm (simulations). Hence, our theory provides evidence for a manifold of high-affinity bound states with continuous dependence
of binding affinity on f . We also calculated the profiles of 〈τ〉 vs. f but for a linear sink K(X)∼ X in equation (2), yet, the
values of model parameters showed worse agreement with simulations (see Table S2).
We used values of model parameters for the continuous fluctuating bottleneck model with quadratic sink (Table 1), which
demonstrated the best agreement with the simulations, to calculate the distributions of bond lifetimes P(t). Theoretical curves
of P(t) are compared with experimental histograms in Fig. S9, which shows that experiment and theory agree very well. Using
the values of model parameters (Tables 1 and S2) we compared the prediction of all four models (continuous vs. discrete
version with quadratic vs. linear sink) for the critical force fc of transition from the catch-to-slip regime of dissociation of A:a
knob-hole bond. We found that for the continuous version fc = 30.7 pN (quadratic sink) and 30 pN (linear sink), whereas for
the discrete version fc = 44.6 pN (quadratic sink) and 40.1 pN (linear sink). Hence, the continuous model provides a better
prediction for the 30-35 pN critical force, which corresponds to the 4-5 s maximum bond lifetime (Fig. 5).
To conclude, we demonstrated experimentally, resolved computationally, and modeled theoretically the catch-slip dynamic
transition in A:a knob-hole bonds in fibrin. The movable flap plays an important role of a tension-dependent molecular switch,
which triggers the crossover from the catch regime to the slip regime of bond dissociation. In the catch regime, the binding
affinity of hole ‘a’ progressively grows with force owing to mechanical interface remodeling and formation of additional
binding contacts, which results in bond strengthening. This trend continues until the size of binding pocket becomes comparable
with the molecular dimension of knob ‘a’ at a critical force f = fc, at which point the slip regime sets in. In the slip regime, the
binding affinity of hole ‘a’ gradually decreases with the increasing force f > fc due to disruption of binding contacts, which
weakens the bond. The fluctuating bottleneck theory can be used to model biomolecular complexes displaying rich complex
dynamics of interface remodeling.
(Patho)physiologically the catch-bond behavior is equivalent to shear-enhanced strengthening of A:a knob-hole bonds
that might favor fibrin polymerization in blood flow and might prevent breakup and damage of stressed clots in vasculature.
This effect is especially important at the early stages of fibrin formation in blood flow when the incipient clot is small and the
hydrodynamic shear stress is low, so that the tensile forces are in the range that strengthens the knob-hole interactions. This is
an entirely new aspect of fibrin nanomechanics that needs further investigation. The novel and unexplored mechano-chemical
aspects of fibrin polymerization addressed in this study for the first time will advance our understanding of blood clotting and
will provide a firm foundation for the development of new approaches to control and modulate this process.
Online Methods
Optical trap-based model system: Our model system for probing the bimolecular interactions is based on an optical trap
that uses a focused laser beam to generate the pico-Newton mechanical force to hold and move microscopic particles, such as
micron-size polystyrene beads.7, 52–56 A custom-built optical trap previously described in detail54 was used to measure the
mechanical strength of individual bi-molecular protein-protein complexes under a constant tensile force. The core of the laser
tweezers system is a AxioObserver Z1 inverted microscope and a 100x 1.3NA Fluor lens combined with a FCBar Nd:YAG laser
(=1,064 nm) with 4W power in continuous TEM-00 mode. A computer-operated two-dimensional acousto-optical deflector
(AOD) was used to control the trap position. The force exerted by the trap on the bead displaced by an amount ∆x was measured
with a quadrant detector and the trap position was corrected with an electronic feedback loop to keep the force constant. This
system enabled control of the duration of compressive contact between interacting surfaces T , the magnitude of compressive
force fc and the magnitude of the tensile force f = kopt∆x (kopt is the optical trap stiffness). The measured quantity was the
time needed to separate the interacting surface-attached proteins (bond lifetime) τ . All experiments were conducted with the
average trap stiffness of kopt = 0.10±0.02 pN/nm. Force calibration and trap stiffness were routinely confirmed by the Stokes’
force method. LabVIEWr software was used to control and record laser beam deflection, to move the piezoelectric stage, and
to analyze data off-line.
Surfaces and proteins: A single fibrinogen- or fragment D-coated bead was trapped and repeatedly brought into contact
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with a fibrin- or fragment E-coated pedestal. When fibrinogen or fragment D (with holes ‘a’ and ‘b’) on the bead attached
to monomeric fibrin or activated fragment E (with both knobs ‘a’ and ‘b’ or knobs ‘a’ only) on the pedestal, the trap exerted
a constant force f = kopt∆x to trigger the complex dissociation.7 Purified human fibrinogen or its fragment E (both from
HYPHEN BioMed, France) were bound covalently to spherical silica pedestals 5 m in diameter anchored to the bottom of
a chamber. Pedestals coated with a thin layer of polyacrylamide were activated with 10% glutaraldehyde, after which the
proteins were immobilized overnight at 4 ◦C from 1 mg/ml solution in 20 mM HEPES pH 7.4 containing 150 mM NaCl and 3
mM CaCl2. After washing off the non-covalently adsorbed protein, 2 mg/ml bovine serum albumin (BSA) in 0.055 M borate
buffer pH 8.5 was added as a blocker. To form fibrin-coated pedestals, the immobilized fibrinogen was treated with human
α-thrombin (Enzyme Research Laboratories, South Bend, IN) (1 U/ml, 37 ◦C, 1 hr) followed by washing of the chambers
with 20 volumes of 100 mM HEPES pH 7.4 containing 150 mM NaCl, 3 mM CaCl2, 2 mg/ml BSA, and 0.1% (v/v) Triton
X-100 before the measurements. To form pedestals coated with fibrin fragment E bearing knobs ‘a’ (fragment desA-E) or
knobs ‘a’ and ‘b’ (fragment desAB-E), the immobilized fibrinogen fragment E with uncleaved fibrinopeptides was treated with
batroxobin (Batroxobin moojeni, CenterChem, Stamford, CT) (1 BU/ml, 37 ◦C, 1 hr) or human α-thrombin (1 U/ml, 37 ◦C,
1 hr), respectively, followed by washing of the chambers. 1 unit of batroxobin activity (BU) was calibrated to be equal to 1
unit of thrombin activity (U) in terms of the rate of fibrinopeptide A release. Fibrinogen or fragment D (HYPHEN BioMed,
France) were bound covalently to carboxylate-modified 1.75-m latex beads (Bangs Laboratories, Carmel, IN) activated by
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride. The immobilization step lasted 15 min at 4 ◦C in 0.055 M
borate buffer pH 8.5 containing 150 mM NaCl and 3 mM CaCl2. BSA was used as a blocker. When immobilized from 20 g/ml
solution containing 100% of fibrinogen labeled with I125, the surface density of I125-fibrinogen was determined to be about
(11±2)×10−9 g/m2, which approaches the point of surface binding saturation. Both fibrinogen and fragment D were used with
the same solution concentration (20 g/ml).
Measurements of protein-protein interactions: Experiments were performed at room temperature in 100 mM HEPES
pH 7.4 containing 150 mM NaCl, 3 mM CaCl2 with 2 mg/ml BSA and 0.1% (v/v) Triton X-100 added to reduce non-specific
interactions. 1 l of the fibrinogen- or fragment D-coated bead suspension (107 beads/ml) was added to 50 l of the working buffer
and flowed into a chamber containing pedestals with immobilized fibrin or fragment E on their surface. After the chamber
was placed on the microscope stage, a single bead was trapped and the stage moved manually to bring a pedestal within 1-2
microns of the trapped bead. After starting the bead oscillation, the separation of the pedestal and the bead was then reduced
until they touched each other repeatedly with a compressive force fc = 20-30 pN and contact duration T = 0.5 s. The constant
pulling force was varied from f = 5 to 60 pN. Trap displacement signals were recorded at 2000 scans per second and a bond
lifetime was measured for each pedestal-bead touching event. Several tens of pedestal-bead pairs were analyzed for each
set of conditions. The binding-unbinding events from individual files were summarized; the total number of bond lifetime
values recorded for each set of experimental conditions varied from ∼3,000 to ∼4,500. The bond lifetimes <0.5 s represented
non-specific interactions and were not susceptible for specific inhibition. These short bond lifetimes were not included into data
analysis and modeling.
All-atomic structural model of A:a knob-hole complex: The N-terminal motif Gly-Pro-Arg (GPR) in α chain is the
main functional sequence of the knob ‘a’, and it is complementary to the hole ‘a’ in γ-nodule of adjacent fibrin molecule. The
N-terminal β chain motif Gly-His-Arg-Pro (GHRP) is a major part of the knob ‘b’ that binds to the hole ‘b’ located in β -nodule
of adjacent fibrin.57 The available atomic structures (PDB entry 1FZA, 1FZB, 1FZC)58 contain only the D:D interface, i.e. the
β - and γ-nodules of two cross-linked fibrin monomers with bound knob-mimetic peptides GPRP and GHRP, which occupy the
corresponding binding pockets in γ- and β -nodules, respectively (Fig. 1). We used the PDB data to reconstruct a physiologically
relevant model of the A:a complex comprising the γ-nodule bound with the N-terminal end of the α-chain of adjacent fibrin
monomer. We utilized the complete atomic structure of a short fibrin oligomer.39 The model contains the N-terminal ends of
α-chains (with knobs ‘a’) and β -chains (with knobs ‘b’) bound to the complementary sites in the γ-nodule (with holes ‘a’)
and β -nodules (with holes ‘b’) as shown in Fig. 1e. All in silico models were constructed using CHARMM.59 This structure
was equilibrated for ∼100 ns using the MD simulations in implicit solvent. The equilibrated structure of the fibrin trimer
was truncated to separate the central nodule of one trimer strand with two exposed knobs ‘a’ bound to the complementary
holes ‘a’ of the γ-nodules in the other strand (Fig. 1f). To mimic experimental conditions of tensile force application, we
constrained the Cα -atoms of γLys159 of two γ-nodules and pulled at the entire central domain. This resulted in a partial
extension of α chains. We separated the γ-nodule (residues γLys140–γVal411) with attached N-terminal part of α chain
(residues αGly17–αCys36). The obtained structural model of A:a knob-hole complex is shown in Fig. 1g. The γ-nodule
(with hole ‘a’) consists of three globular domains called A-domain (γVal143–γTrp191), B-domain (γThr192–γAla286 and
γLys380–γLeu392), and P-domain (γGly287–γMet379). The latter is a knob ‘a’-binding domain,60 while the B-domain has a
3-stranded β -sheet stack (regulatory domain; residues γIle242–γGly283) located near the P-domain (binding domain). The
γ-nodule has three binding determinants: loop I (region I; γTrp315–Trp330), interior region (region II; γTrp335–Asn365), and
moveable flap (region III; γPhe295–Thr305) displayed in Fig. 1g,4, 61 which define the strength of A:a knob-hole bond.62
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Dynamic force measurement of the A:a knob-hole interactions: We employed the all-atom MD simulations using
Solvent Accessible Surface Area (SASA) model of implicit solvation with CHARMM19 unified hydrogen force-field63–65
implemented on a GPU. We used a lower damping coefficient γ = 3.0 ps−1 (vs. γ = 50 ps−1 for ambient water at 300K)
for more efficient sampling of the conformational space.51 In the force-ramp measurements, we used time-dependent force
f (t) = kopt(ν f t−∆x), where ν f is the virtual optical trap velocity, kopt is the spring constant, and ∆x is the displacement of a
pulled residue. We constrained the Cα -atoms of γLys159 and pulled the Cα -atom of αCys36 in the direction perpendicular to
the A:a binding interface (Fig. 1g). We generated a total of 20 simulation runs with ν f = 103, 104 µm/s and kopt = 100 pN/nm.
In the force-clamp measurements, we used constant tensile force f = f ·n with force magnitude f = 30, 35, 40, 50, 80 pN
(Fig. 1g). We performed 3 simulation runs (a total of 5 µs) for each force value.
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Table 1. Model parameters for the A:a knob-hole bottleneck: interface stiffness κ , initial (maximal) and minimal interface
width x0 and x1, escape rate constant k0, transition distance for dissociation σy, and transition distance for conformational
transition state σx and energy difference between two states ε0 (for discrete two-state version). The parameter values were
obtained by fitting theoretical curves of 〈τ( f )〉 (equation (7) to the experimental bond lifetimes (Fig. 5).
Model κ , pN/nm x0, nm x1, nm k0, nm2s−1 σy, nm σx, nm ε0, kcal/mol
Continuous 15.7 2.7 0.74 0.11 0.25 - -
Discrete 100.0 4.3 1.6 0.12 0.27 0.55 0.8
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Figure 1. Major steps and main structural determinants in fibrin polymerization. Cleavage by thrombin of the
N-terminal parts of the α-chain - fibrinopeptides A and B (FpA and FpB) in fibrinogen (panel a) converts it into fibrin with
exposed knobs ‘A’ and ‘B’ (panel b), which bind to the complemental hole ‘a’ in the γ-nodules (blue) and ‘b’ in the β -nodule
(green), facilitating fibrin oligomerization (panel c). Panel d shows the fibrin fragments utilized in dynamic force spectroscopy
experiments in vitro and in silico. Panel e: all-atom model of the short fibrin oligomer39 with α-, β - and γ-chains colored in
orange, green and red, respectively. The β - and γ-nodules are highlighted in light blue and light grey, respectively. Panel f:
truncated portion of fibrin oligomer (with γ-nodules and central nodule) used in simulations. The pulling force is applied
through a virtual plane, crossing the central nodule in the middle (Cα -atoms of γLys159 in the γ-nodule were constrained).
Panel g: all-atom model of A:a knob-hole complex containing γ-nodule with hole ‘a’ (grey blue) and the N-terminal part of
α-chain with knob ‘A’ (orange). Hole ‘a’ contains domains A, B, and P; three-stranded β -sheets stack in B-domain is shown in
purple. Also shown are the major binding determinants: loop I (blue), interior region (green), and moveable flap (red) all
interacting with GPR-motif-containing knob ‘A’.62 In pulling simulations, tensile force was applied to the Cα -atom of αCys36
(Cα -atom of γLys159 was constrained).
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Figure 2. Kinetics of forced dissociation of the A:a knob-hole bonds. Panel a: Plots of the average bond lifetime 〈τ〉 as a
function of constant tensile force f for fibrin-fibrinogen (Fn:Fg) interactions in comparison with the data for control protein
pairs both lacking knobs ‘a’ (Fg:Fg) or one of the interacting proteins (BSA), or lacking both knobs ‘a’ and holes ‘a’ (Fg:BSA
and Fn:BSA). Panel b: Plots of 〈τ〉> 0.5 s as a function of f for fibrinogen fragment D (with holes ‘a’ and ‘b’) interacting with
fragments desAB-E (bearing knobs ‘a’ and ‘b’) or desA-E (with knobs ‘a’ only), or E (with no knobs).
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Figure 3. Dynamic interface remodeling and A:a knob-hole bond dissociation from the low-affinity (Pathway 1) and
high-affinity (Pathway 2) bound states. Shown are profiles of unbinding force F and binding affinity Q as functions of time t
from force-ramp simulations (ν f = 104 µm/s and kopt = 100 pN/nm). Pathway 1/2 is characterized by lower/higher values of
F and monotonic/non-monotonic evolution of Q. Structural snapshots numbered 1-4 correspond to the equally numbered
regions in the curves of F vs. t (red) and Q vs. t (green) displaying the progress of dissociation from the initial bound state
(structure 1) to the fully dissociated state (structure 4) along each pathways. Low-affinity bound state: movable flap interacts
with the β -sheet stack of B-domain (red arrow and dashed circle in structures 2a and 3a). High-affinity bound state: movable
flap moves from the periphery toward knob ‘a’ offering additional binding contacts; loop I and interior region straighten up,
which results in the interface closing (red arrow and dashed circle in structures 2b and 3b).
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Figure 4. Fluctuating bottleneck model of forced dissociation of A:a knob-hole bond. Panel a: structural snapshots I-III,
showing gradual interface closing. Panel b: evolution of the interface width X for two representative simulations resulted in
bond dissociation from the low-affinity bound state (blue curve) and high-affinity bound state (red curve). Panel c: The
probability distributions P(X) of interface width X for two simulations (from panel b) showing continuous evolution of X .
Panel d: P(X) for simulations showing discrete (two-state) evolution of X from the low- to high-affinity bound states centered
around x0 to x1, respectively (the inset shows P(X) averaged over all simulation runs showing discrete evolution of X). Panel e:
binding packet (hole ‘a’) modeled as a fluctuating bottleneck of width X decreasing from the initial value x0 to final value x1.
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Figure 5. Catch-slip dual force response of A:a knob-hole bond. Shown is the non-monotonic behavior of the average
bond lifetime 〈τ〉 with the tensile force f . The diamonds are experimental data points from Fig. 2b. The curves correspond to
the fits of continuous version (equations (S2), (6), (7)) and discrete two-state version (equations (S3), (6), (7)) of fluctuating
bottleneck model. The initial growth of 〈τ〉 at low forces f < fc ≈ 30-35 pN is followed by the decay to zero at higher forces
f > fc, which marks the transition from the catch-regime to the slip-regime of the A:a knob-hole bond dissociation.
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Supplementary Information
Fluctuating bottleneck model: In the continuous version of the model, the binding pocket size X is a continuous random
variable (Fig. 4e). Evolution of X is governed by the Langevin equation: ζ X˙(t) =−∂U/∂X +R(t), where ζ is the friction
coefficient, and R(t) is Gaussian random force with the average 〈R(t)〉= 0 and standard deviation 〈R(t)R(t ′)〉= 2ζkBTδ (t− t ′)
(kBT – temperature). The distributions of X are Gaussian-like (Fig. 4c). Hence, for f = 0, X evolves on a harmonic potential
U = κ(X− x0)2 with stiffness κ and equilibrium width x0. When 0 < f < fc ( fc is the critical force (see below)), X decreases
(Fig. 4b) approaching new equilibrium x0− f/κ , and the deterministic force is ∂U/∂X = κ(X− x0)+ f = κ[X− (x0− f/κ)].
By substituting this expression into Langevin equation and solving this equation, we obtain the average size 〈X〉 and fluctuations
〈∆X〉2:
〈X(t)〉= X0e−t/η +(x0− f/κ)(1− e−t)/η) and 〈∆X〉2 = kBTζ (1− e
−t)/η) (S1)
where X0 is the initial value and η = ζ/κ is the characteristic time for conformational fluctuations of the binding pocket
(bottleneck). At a critical force f ≈ fc, 〈X(t)〉 should reaches the minimum x1 = x0− fc/κ , which can be expressed as
〈X(t)〉= [X0e−t/η +(x0− f/κ)(1− e−t)/η)]Θ( fc− f )+ x1Θ( f − fc) (S2)
where Θ(x) is the Heaviside step function. In the discrete version of the model, X is a discrete random variable interconverting
between the open state X = x0 and closed state X = x1 < x0 (Fig. 4d) with the populations s0 = [1+ exp(−ε0/kBT )]−1 and
s1 = 1− s0 (ε0 is the energy difference). Pulling force application favors the closed conformation by changing the state
populations, in which case 〈X〉 and s0,1 become force-dependent,
〈X( f )〉= x0s0( f )+ x1s1( f ) and s0 = (1+ exp[−(ε0−σx)/kBT ])−1 (S3)
where σx is the transition distance. The critical force is defined as force f = fc at which s1( f ) s0( f ).
Pulling force affects both the dynamics of binding interface remodeling and kinetics of knob ‘A’ escape, and so the A:a
bond lifetime τ and interface width size X are coupled (Fig. 4e). Larger/smaller X facilitates faster/slower unbinding with
shorter/longer bond lifetime τ . The A:a knob-hole bound state population P(X , t) is described by the kinetic equation:
dP(X , t)
dt
=−K(X)P(X , t)+LP(X , t) (S4)
In equation (S4) above, the first term describes the kinetics of knob ‘A’ escape from the bottleneck of size X with rate
K(X) = kXα (S5)
depending on shape parameter α (bottleneck geometry), and escape rate constant k (when K = 0; knob ‘A’ is tightly locked in
hole ‘a’). The rate constant is expected to increase with force, and here we use the Bell model:31, 32, 45
k( f ) = k0 exp[−σy f/kBT ] (S6)
where k0 is the attempt frequency and σy is the transition distance for dissociation. Simulations show that i) X is determined by
the cross-sectional area, and so we set α = 2 in equation (S5); and that ii) characteristic timescale η (milliseconds) is much
shorter than bond lifetimes (seconds; Fig. 2), and so we set X = 〈X〉 in equation (S5). In equation (S4), operator L describing
the dynamics of X :
L =
∂
∂X
[
kBT
ζ
∂
∂X
+
κ
ζ
(X−〈X〉)
]
(S7)
By substituting equations (S6) and (S7) into equation (S4), we arrive at the Smoluchowsky equation for P(X , t):
∂P(X , t)
∂ t
=
[
kBT
ζ
∂ 2
∂X2
+
κ
ζ
(X−〈X〉) ∂
∂X
+
κ
ζ
]
P(X , t)− k〈X〉2P(X , t) (S8)
which can be solved as described below. The Green’s function solution is given by
G(X ,X0; t) =
[
2pikBT
κ
(1− e−2t/η)
]−1/2
exp
[
− κ(X−〈X〉)
2
2kBT (1− e−2t/η)
]
k〈X〉2 exp[−k〈X〉2t] (S9)
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To obtain the expression for P(t), we need average over the initial values (X0) and sum over the final values (X),
P(t) =
∫ ∞
0
dX
∫ ∞
0
dX0G(X ,X0; t)P(X0) (S10)
From simulations, the initial values of X are sharply peaked fixed value x0, and so we use the Dirac delta function, P(X0) =
δ (X0− x0). By substituting P(X0) and equation (S9) into equation (S10) and performing the integration, we obtain the
distribution of bond lifetimes:
P(t) =
k〈X〉2
2
exp[−k〈X〉2t] ·
[
1+Er f
( 〈X〉
[2pikBT/κ(1− e−2t/η)]1/2
)]
(S11)
In equation (S11), the average size 〈X〉 is given by equations (S2) and (S3) for the continuous and discrete versions, respectively.
The average bond lifetime is given by
〈τ〉=
∫ ∞
0
tP(t)dt (S12)
Derivation of equation (S9): Equation (S8) in the text above can be solved by using the Zwanzig’s ansatz:
P(t) =
(
2pi
κ
)−1/2
exp
[
− (X−〈X〉)
2
2
µ(t)−ν(t)
]
(S13)
Upon the substitution of this ansatz into equation (S8), we obtain the following system of the ordinary differential equations for
functions µ(t) and ν(t):{
µ˙ =−2kBT/ζµ2+2κ/ζµ
ν˙ = kBT/ζµ+ k〈X〉2−κ/ζ (S14)
The first equation (S14) can be readily integrated to obtain the solution for µ(t). The obtained solution can be substituted into
the second equation (S14), which can then be solved for ν(t). We obtain:{
µ(t) = 1
C1e−2t/η+kBT/κ
ν(t) = 12 log
[
kBT +C1κe−2t/η
]
+ k〈X〉2+C2
(S15)
When substitute into equation (S13), arrive at the expression:
P(X ,X0; t) =
[
2pikBT
κ
(1− e−2t/η)
]−1/2
exp
[
− κ(X−〈X〉)
2
2kBT (1− e−2t/η)
]
k〈X〉2 exp[−k〈X〉2t] (S16)
which is equation (S9) above.
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Table S1. Statistical analysis of experimentally determined bond lifetimes for different interacting protein-coated surfaces
(specific versus non-specific protein-protein interactions) collected at a constant pulling force f = 30 pN and contact duration
T = 0.5 s. Shown are the percentages of the bond lifetimes for the following time ranges: τ < 0.03 s, 0.04 s < τ < 0.5 s and
τ > 0.5 s.
Interacting proteins Bond lifetime ranges No. of touching events
<0.03 s 0.04 - 0.5 s >0.5 s
Fibrinogen/BSA 96.9% 2.5% 0.6% 4,136
Fibrin/BSA 98.1% 1.1% 0.8% 3,170
Fibrinogen/Fibrinogen 96.7% 2.0% 1.4% 3,481
Fibrin/Fibrinogen 93.0% 0.6% 6.5% 4,125
Fibrin/Fibrinogen in the presence of 2 mM GPRPam 92.6% 6.1% 1.3% 4,023
Table S2. The model parameters for the A:a knob-hole bond dissociation kinetics: the binding interface stiffness κ , the initial
(maximal) and minimal interface size (diameter) x0 and x1, the force-free rate of disruption of binding (receptor-ligand)
residue-residue contacts per unit area k0, transition distance for dissociation σy, and transition distance for conformational
transition state σx and energy difference between two states ε0 (for discrete two-state version). The values were obtained by
fitting the theoretical profiles of the average bond lifetime 〈τ( f )〉 as a function of applied constant force f (curves) (equation
(7)) to the experimental bond lifetime data (points; see Fig. 5). We used both continuous version (equation (S2)) and discrete
version (equation (S3)) of the fluctuating bottleneck model of the receptor-ligand binding interface with a linear ‘sink’ K ∼ X
(α = 1; see equation (2)).
Model κ , pN/nm x0, nm x1, nm k0, nm2s−1 σy, nm σx, nm ε0, kcal/mol
Continuous 10.0 3.7 0.7 0.25 0.175 - -
Discrete 100.0 5.0 0.65 0.095 0.195 17.0 1.242
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Figure S1. The log-linear plot of the distributions of bond lifetimes P(t) collected at a constant pulling force f = 50 pN for
the fibrin-fibrinogen complexes in the absence and presence of 1 mM GPRP, a competitive inhibitor of the A:a knob:hole
interactions. The vertical dashed line shows the bond lifetime threshold at 0.5 s, above which the A:a knob:hole interactions
were found to be sensitive to the presence of GPRP peptide. Therefore, these data were considered to reflect the
fibrin-fibrinogen specific interactions. The inset compares the probability of interactions lasting longer than 0.5 s in the absence
and presence of GPRP peptide.
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Figure S2. The binding probability for different interacting protein pairs showing that fibrin-fibrinogen complexes with
lifetimes τ > 0.5 s collected at f = 50 pN formed much more frequently and that the formation of these complexes is prevented
by GPRP.
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Figure S3. The average bond lifetimes 〈τ〉 vs. applied constant force f for specific fibrin-fibrinogen interactions calculated
with the cutoff set at 0.03 s and 0.5 s.
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Figure S4. The binding probability as a function of the constant force f for fibrin-fibrinogen interactions calculated using the
average lifetimes 〈τ〉> 0.03 s and 〈τ〉> 0.5 s.
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Figure S5. The average bond lifetime 〈τ〉> 0.5 s as a function of the constant tensile forces f for interactions of fibrinogen
fragment D (with holes ‘a’ and ‘b’) with fragment desAB-E (bearing knobs ‘A’ and ‘B’) in the absence and presence of 1 mM
GPRP.
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Figure S6. The average bond lifetime 〈τ〉> 0.5 s as a function of the constant tensile forces f for interactions of fibrinogen
fragment D (with holes ‘a’ and ‘b’) with fragment desAB-E (bearing knobs ‘A’ and ‘B’) obtained using 10-fold different
concentrations of fragment D (1 mg/ml vs. 0.1 mg/ml). A 10-fold difference in fragment D concentration translates to different
surface densities achieved during fragment D immobilization.
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Figure S7. Dynamics of the A:a knob-hole interaction probed by varying mechanical tension. Shown are four representative
profiles of the molecular (unbinding) force F (panels a and b) and the number of residue-residue binding contacts reinforcing
the bound state Q (panels c and d) as functions of time t from two sets of the force-ramp simulations with pulling speed
ν f = 103 µm/s (panels a and c) and ν f = 104 µm/s (panels b and d). The text notations designate the most representative
trajectories displaying the complex dissociation from the low-affinity bound state (pathway 1; blue curves) and high-affinity
bound state (pathway 2; red curves).
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Figure S8. Binding affinity of the A:a knob-hole complex. Panel a: Time evolution of the total number of binding contacts
Q from four representative force-ramp trajectories in silico (the inset magnifies initial portion of the curves, showing an increase
or decrease in Q). Panel b: Time evolution of Q (purple solid), number of binding contacts between moveable flap and knob ‘A’
QMT (purple dashed), and movable flap displacement relative to the B-domain DMT (magenta) from force-clamp simulations
with f = 30 pN (vertical dashed lines emphasize correlated alterations in Q and DMT ). Panel c-d: Maps of residue-residue
contacts stabilizing the complex interface (residues γSer240–γLys380) in the native state (bottom triangle) and intermediate
state before dissociation (top triangle) for two simulations (blue and red curves in panel c) showing dissociation from the
low-affinity bound state (panel c) and high-affinity state (panel d). A colored pixel corresponds to a contact, formed by amino
acids in the i-th raw and j-th column, if the centers-of-mass of their side chains are in 5.5 A˚ proximity. The color opacity is
proportional to the contacts persistence. Different colors denote contacts formed by residues in knob ‘A’ (orange) and residues
in one of the binding determinants in γ-nodule: loop I (blue), interior region (green), and movable flap (red). The β -sheets
stack of B-domain is shown in purple. The solid ovals circle the areas of new contacts formed between the movable flap and
β -sheet stack in B-domain (left) and between the movable flap and knob ‘A’ (right), which the native state lacks (dashed oval).
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Figure S9. Probability distributions of bond lifetimes obtained for different values of tensile force f = 10, 20, 30, 40 pN.
Comparison of experimental (red histograms) vs. modeling (blue curves) results (equation 6).
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